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The effects of different overaging temperatures and times prior to the rolling 
portion of a thermomechanical process (TMP) were examined to determine those 
combinations resulting in refined microstructures capable of supporting superplastic 
behavior. Specimens of processed Al 2519 were tension tested at elevated 
temperatures after varying TMP parameters. Enhanced ductility in comparison to 
unprocessed material was observed at all test temperatures in the range of 300-450°C. 
Moderate superplastic ductilities (up to 300%) were encountered under some 
conditions. Backscattered electron imaging techniques coupled with quantitative 
microstructural analysis methods were used to examine both processed and deformed 
samples. The correlations among processing, microstructure and mechanical behavior 
are presented. 
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I.    INTRODUCTION 
Superplastic materials are characterized by the ability to deform plastically without 
localized necking. Elongations above 200 percent can be termed moderately superplastic 
while 1000 percent or more is a highly superplastic response. Two types of superplasticity 
are currently recognized, isothermal and transformation. Isothermal superplasticity is of 
current interest for commercial development due to its similarity to processes used in 
conventional metal forming. Existing techniques include the Supral and Rockwell 
methods which use Al-Cu-Zr and Al-Zn-Mg-Cu alloys, respectively. The Supral process 
utilizes additions of zirconium to form fine AL3Zr particles that impede grain growth [Ref. 
1]. Continuous recrystallization is promoted during deformation, resulting in refinement 
of the grain size; superplastic deformation is typically accomplished at 460°C. The 
Rockwell method employs overaging and cold working to refine the grain structure of the 
material. Second-phase particles are precipitated during overaging and provide nucleation 
sites for new grains upon a recrystallization treatment. [Ref. 2] These materials and 
processes are more expensive than conventional aluminum processing. 
Present applications of superplastically formed materials include light-weight radar 
dishes and coolant piping for fire control radars [Ref. 3], B-1B landing gear doors [Ref. 4] 
and many structures fabricated for the F/A-18A Hornet aircraft from either aluminum or 
titanium alloys [Ref. 5]. The enhanced ductility of superplastic materials allows the 
forming of intricate shapes from a single piece. Since fewer parts are required to form 
complex assemblies, the number of fasteners can be reduced this in turn has many benefits; 
stress concentrations which can lead to fatigue may be eliminated and resistance to 
corrosion can be enhanced, weight savings can be realized, dimensional accuracy is better, 
and assembly time and maintenance are reduced as well. A typical example is the girder 
assembly in the lower avionics deck of the F-5E jet aircraft. Superplastic forming of this 
structural member allowed the piece to be made using eight tools, five parts and less than 
1 
12 manhours of labor; this is 126 tools and 43 parts less than conventional techniques at a 
savings of 33 manhours [Ref. 6]. 
A substantial amount of work on Al-Mg alloys has been done at the Naval Post 
graduate school. By adjusting the thermomechanical processing (TMP) schedules used on 
this alloy, elongations in excess of 1000 percent were achieved at test temperatures of 
300°C and strain rates of approximately 10'3 sec'1 [Ref. 7]. This superplastic deformation 
has been theorized to be the result of particle stimulated nucleation (PSN) during TMP, 
which provides refinement of the initial grain structure by recrystallization at sites supplied 
by sufficiently large precipitates. 
The possibility of similar microstructural refinement in an Al-Cu alloy has been 
examined in a series of four previous efforts. Mathe examined the microstructures 
produced during prolonged annealing; overaging times ranged up to 500 hours and 
temperatures up to 500°C. Maximum elongation of ~205 percent was attained in material 
overaged at 350°C, subsequently rolled at 350°C and tested at 450°C [Ref 8]. Bohman 
overaged at 450°C only and tested at temperatures from 300 to 400°C. His maximum 
elongation was 260 percent for a specimen tested at 450°C [Ref 9]. Dunlap attempted to 
determine the critical radius of the 6 (Al2Cu) particles required to stimulate nucleation. 
He performed numerous TMP's and developed a method to estimate the critical size for 
each TMP. His grain size was refined to a 10-12 urn average diameter [Ref. 10]. 
Zohorsky attempted to gain more control over the size and distribution of the second 
phase particles and devised numerous new TMP's to do this. He found that rolling done at 
room temperature was best able to provide the prestrain required to reduce the aluminum 
grain size a sufficient amount to support superplastic response. He produced numerous 
materials to be tested and surmised that a sample overaged at 200°C for 50 hours and then 
400°C for 50 hours would have the most refined grain structure and hence the greatest 
superplastic response [Ref. 11]. 
The objective of this thesis is first, to devise a test protocol with new apparatus 
that would allow testing of samples at constant engineering strain rates and elevated 
temperatures with a variation in test temperature over the entire test section not to exceed 
one degree Celsius. Second, testing of all promising material from earlier work by 
Zohorsky was to be done and microstructural analysis produced to determine the average 
grain diameter, 6 particle size and volume fraction. Finally additional processing was to 
be accomplished in order to further investigate trends in superplastic response related to 
process history. 

II.     BACKGROUND 
A.   ALUMINUM ALLOYS 
The alloy Al 2519 was chosen for this study based on it's high copper content 
which allows a large volume percent of the 6 phase to be formed. For a given particle 
size, a higher volume fraction will result in a smaller particle spacing; this is important in 
the (PSN) theory covered in the next section. 
Aluminum alloys offer many benefits especially if weight is of critical importance. 
Various alloys can be cast, wrought, welded and machined; many also offer good 
corrosion resistance. The high strength-to-weight ratio of aluminum can be useful in 
aircraft applications were significant fuel savings can be realized [Ref. 12]. The alloy used 
in this study, Al 2519, is a wrought alloy with 6.06 wt. pet. Cu; this high percentage of Cu 
allows good weldability because of back-filling by eutectic liquid in the weld pool and 
hence reduced susceptibility to weld cracking [Ref. 13]. Figure 2.1 shows the binary 
aluminum copper phase diagram [Ref. 14]. 
In order to increase the strength of a metal such as aluminum, dislocation motion 
must be retarded [Ref. 15]. Three major ways to achieve this are strain hardening, solid 
solution strengthening and precipitation hardening. Strain hardening uses plastic 
deformation of the material to create a certain dislocation density. The interaction of these 
dislocations inhibits the free movement of other dislocations [Ref. 6]. Solid solution 
strengthening relies on the ability of aluminum to dissolve other elements. Solute atoms 
may substitute for the aluminum atoms in the crystal structure and, if different in size, they 
produce a strain field. The greater the size difference the greater the induced stress but 
the lower the solubility. The strain field of the solute interacts with dislocation stress 
fields, inhibiting dislocation rotation and thereby strengthening the material. As the limit 
of solubility is exceeded dispersion, or precipitation, strengthening takes hold. 
Weight Percent Copper 
0     10     20      30        40 50 60 




30 40 50 60 70 80 
Atomic Percent Copper 
100 
Cu 
Figure 2.1:     Al-Cu Phase Diagram From Ref. [14]. 
Al 2519 derives most of its strength through precipitation hardening. As the alloy 
cools from higher temperatures the copper in solution tends to precipitate out of the 
parent a phase [Ref 16]. If the material is rapidly quenched, then the copper is trapped 
forming a supersaturated solid solution at room temperature. Subsequent aging at room 
temperature or higher will result in formation of new particles in the aluminum matrix. 
The (TTT) diagram in Figure 2.2 shows different metastable precipitates that form for 
various temperatures [Ref. 17]. The sequence as the alloy is slowly cooled is as follows. 
Supersaturated a —Y GP Zones—►G" —+ 0* —> 0 (AI2Cu) 
The Al 2519 alloy has 6.0 wt. percent copper and this is greater than the 5.65 wt. percent 
that would allow transition to a homogeneous alpha phase. Hence some 9 will remain 
insoluble even after long solutionizing treatments. 
B.   PARTICLE STIMULATED NUCLEATION THEORY (PSN) 
Superplasticity can only occur if the material grain structure is refined sufficiently 
[Ref. 18] [Ref. 19]. There are currently two methods in commercial use for inducing a 
superplastic response in aluminum. Supral requires the addition of 0.4 wt. percent Zr to a 
6.0 wt. percent Cu, Al-Cu alloy. During processing the zirconium forms fine Al3Zr 
precipitate particles with an average diameter of 10 to 100 nm. These particles help to 
prevent nucleation during TMP [Ref. 1]. The grain structure is refined via continuous 
recrystallization (CRX) during subsequent plastic deformation when forming and the fine 
AljZr particles suppress grain growth. Recrystallization of the aluminum occurs with a 
resulting average grain size of 6.0 urn [Ref. 2]. 
The Rockwell method uses discontinuous recrystallization (DRX) to produce a 
superplastic material [Ref. 1]. Solution heat treating followed by a rapid quench dissolves 
the second phase producing a supersaturated solid solution. Overaging of the material is 
(Q) V. Cu (b) Log (time) 
Figure 2.2:    a) Al-Cu metastable phase solvus lines  b) TTT curve showing 
the starting times for the various metastable phases of an aluminum copper 
alloy From Ref. [17]. 
then performed to produce evenly distributed particles with an average size large enough 
to support PSN of recrystallization. Warm rolling of the material induces a large strain 
energy concentration around the particles. Recrystallization begins when the material is 
subsequently reheated. Grain sizes on the order of 10 urn have been produced using this 
method. Particle size and dispersion are key elements in this process. [Ref. 20] 
A dispersion of particles in a parent matrix can induce grain refinement of a coarse 
grained material via recrystallization if the particles do not deform as readily as the matrix 
when strain is imparted. For sufficiently large non-deforming particles local lattice 
rotations occur in the strained region surrounding these particles [Ref. 21]. These lattice 
rotations are found in association with cellular dislocation structures formed around 
particles of size 0.1* urn. The overall dislocation density, pg, can be estimated according 
to equation (1) [Ref. 22]: 
8/.y 
P, = bdp (1) 
Where/equals the volume fraction, y the shear strain, b the associated Burger's vector 
and dp the particle diameter. Not all particles induce lattice rotations. If the particle 
diameter is less than 0.1 urn or there is a very low strain, the dislocations induced form 
prismatic loops that do not provide lattice rotations. Lattice reorientation is a prerequisite 
for recrystallization and so particles with a size of 0.1 um and greater, and high strains, do 
promote PSN [Ref. 21]. Other factors must exist though because PSN has been observed 
mostly for particle diameters greater than 1.0 urn. 
During straining the size of the deformation zone may be estimated using the strain 
hardening characteristics of the materials shown in equation (2):[Ref 22] 
X = Adpe"*' <2> 
Where X equals the width of deformation zone, A is a material constant, 8 the true axial 
strain and n the strain hardening coefficient from Holloman's equation, 
a kzn <3> 
where a equals the true stress. Inside the deformation zone, the rotated structures which 
form are termed embryos. These embryos may form new grains but two criteria must be 
met. First, there must be sufficient energy or sufficient size to be a viable nucleus capable 
of growth into the surrounding matrix: [Ref. 23] 
4r 8 crit   ~       p (4) 
where Ö equals the critical size of an embryo, E the stored strain energy due to 
deformation and T the grain boundary interfacial energy. Second, the embryo size must be 
smaller than the deformation zone (öcrit < X) [Ref. 24]. The combination of these two 
criteria leads to a relationship between particle size and strain for PSN. If 6crit = k, then: 
-      
4r A
'dptCrii'S'+1=—^- (5) E 
or 
A E 
dp,crit = -r-7;'—z: (6) 
»+i 
Thus dp the particle size is inversely related to the strain, 8 . This is illustrated 
schematically in Fig 2.3 [Ref. 25]. An estimate of the grain size associated with a certain 
10 
particle size may be made if the embryos all grow successfully until they impinge. The 
grain size will be approximately equal to the particle spacing Ds: [Ref. 25] 
g *        -* 
/' 
(7) 








True Strain (e) 
Figure 2.3      Shows the relationship between particle size and true strain. In order for 
PSN to occur for a given particle size the true strain must exceed 8crit. 
From Ref. [25]. 
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III.     EXPERIMENTAL PROCEDURE 
A.   MATERIAL 
The Aluminum alloy material used in this thesis was obtained from the ALCOA 
Technical Center, ALCOA Center, Pennsylvania. This alloy, designated 2519, was 
received in the form of a rolled plate 0.902 in (22.9 mm) thick and tempered to the T87 
condition. The T87 treatment requires that the material be solution heat treated at 535°C, 
cold rolled by seven percent and then artificially aged for 24 hours at 165°C [Ref. 26]. 
The composition as provided by ALCOA is listed in Table 3.1. 
TABLE 3.1: ALUMINUM 2519 COMPOSITION   (WEIGHT PERCENT) 
Cu Mn Mg Fe Zr V Si Ti Zn Ni Be B Al 
6.06 0.30 0.21 0.16 0.13 0.04 0.07 0.06 0.03 0.01 0.002 0.001 bal 
B.   PROCESSING 
Initial processing was performed by Zohorsky [Ref. 11] in previous research, 
although more material was produced in this study by the same procedures (which are 
described below). Sections were cut from the as-received plate with the longest 
dimension being in the previous rolling direction. The average size was 2.4 X 1.5 X 0.902 
in (61X38. IX 22.9 mm). 
The thermomechanical processing of the aluminum consisted of five steps as 
summarized in Table 3.2. First, all samples were solution heat treated at 535°C for 100 
minutes and then quenched. Then, a 9.8% prestrain was induced by rolling the samples at 
room temperature in a rolling mill. Final thickness after one pass was 0.819 in (20.8 mm). 
Initial overaging of all samples was subsequently conducted at 200°C for 50 hours. The 
13 
second phase of overaging was performed differently for each piece. Second stage 
temperatures were 350, 400 and 450°C and time at temperature was either 50 or 100 
hours. All samples were furnace cooled to 200°C and then quenched to ambient (see 
Figure 3.1). Finally, rolling was completed in nine passes at 200°C (see Table 3.2). The 
final thickness was between 0.090 and 0.100 in (2.3 to 2.5 mm). A Fenn laboratory mill 




Quench to room temp 
Prc-strain 10% 
@25C 
Overage for 50hrs@200C 
then for         1.50hrs     @350C 
2.50hrs     @400C 
3. lOOhrs   @400C 
4.50hrs     @450C 
5. lOOhrs   @450C 
\ 1 
Furnace Cool 
to 200 C 
Then Quench 
Nine rolling Passes 
See Table 3.2 
Figure 3.2:   Thermomechanical Processing Steps 
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1 0.819 0.742 0.767 0.025 0.066 0.832 
2 0.767 0.657 0,685 0.028 0.113 1.135 
3 0.685 0.580 0.607 0.027 0.121 1.243 
4 0.607 0.513 0.541 0.028 0.115 1.288 
5 0.541 0.432 0.460 0.028 0.162 1.628 
6 0.460 0.339 0.372 0.033 0.212 2.033 
7 0.372 0.228 0.234 0.006 0.464 3.438 
8 0.234 0.122 0.162 0.040 0.368 3.819 
9 0.162 0.045 0.090 0.045 0.588 5.948 
C.   TENSILE TESTING 
Specimens were cut from the as-rolled sheet and milled to a gage length of 0.5 in 
(12.7 mm) as shown in Figure 3.4. Tensile testing was performed on an Instron machine 
with a five-zone, clam-shell furnace around the test area. Temperatures were controlled 
to within ±1°C over the test area which consisted of the middle three zones of the 
furnace. Tensile tests were conducted at constant strain rates of 10"2, 10'3 and 10"4 sec*1 
while test temperatures were 300, 350, 400 and 450°C. All specimens were quenched to 









- 0.624" ±0.004 
- 0.50" ±0.004 
Figure 3.4      Tensile Test Specimen Schematic 
D.   METALLOGRAPHIC SAMPLE PREPARATION 
Tested samples were sectioned parallel to the tensile axis using a Buehler Isomet 
low speed diamond saw with Buehler Isocut oil based lubricant. The cut surface was then 
ground using a Struers Knuth-Rotor 3 grinder. Silicon carbide paper was used with grits 
of 800, 1000, 2400 and 4000P. Each sample was held with moderate pressure on 
successive paper grits for 30 seconds each. Polishing was performed on 12 inch diameter 
Buehler wheels rotating at 400 RPM. Six-micron diamond compound was used on Bueler 
MICROCLOTH polishing cloth. Both 1.0 and 0.25 micron diamond compounds were 
used on Buehler CHEMOMET cloth. All polishing was performed with Struers DP green 
alcohol based lubricant. Polishing was done with moderate to light pressure for 30 
seconds on each wheel. 
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Electropolishing was performed on all samples. A solution of 30 percent nitric 
acid and 70 percent methanol was cooled to -20°C in a stainless steel beaker. The cooling 
was done by immersing the beaker in an insulated bath which contained liquid nitrogen 
cooled methanol. Temperatures were measured in both the bath and polishing solution 
prior to electropolishing. Samples were coated with a non conductive lacquer where 
polishing was not desired and then immersed into the beaker. Polishing was done at 7.0 
volts for 2 minutes with the polishing acid being magnetically stirred and the sample acting 
as the anode. Samples were rinsed using ethanol and dried immediately. 
E. MICROSCOPY 
Samples were examined in an SEM operating in backscatter mode with 
accelerating voltages of either 5.0 KV or 20 KV. Photographs taken at 5.0 KV 
accelerating voltage were intended to reveal the aluminum grain structure. Contrast was 
adjusted to resolve the grains by enhancing channeling contrast. The 0 particles were 
evident and these micrographs were also used to determine the volume fraction of the 
second phase as well. Micrographs taken at 20 KV were used to examine the 0 particles at 
higher resolution. All micrographs were taken at similar working distances and 
magnifications to facilitate comparison later. 
F. IMAGE ANALYSIS 
Micrographs were scanned into a personal computer and were analyzed using 
Image-Pro Plus 1.2 for Windows. The data collected was to access the volume fraction 
and average diameter of the 0 particles. Linear intercept methods were used to ascertain 
the average aluminum grain diameter. Matlab and Excel 5.0 were used to produce the 
plots and histograms. 
17 
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IV.   RESULTS AND DISCUSSION 
A.   TENSILE TEST RESULTS 
Table 4.1 lists the results of the tensile testing of this research. Each different test 
is delineated by strain rate and then test temperature. For each testing condition, five 
TMPs are listed by increasing overaging temperature and time. Not all TMPs were 
evaluated for all conditions listed; this is denoted by a"/" in the table. Testing was not 
done in these areas because of a shortage of samples due to the small amount of rolled 
material for each process and cracks produced during the rolling. Some conditions were 
tested twice due to irregularities during testing and these rows are marked "repeat". 












rise stress ekngaticn 
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350 50 99.2 87.5 1509 485 165.8 33.8 151.3 252 
400 50 1106 820 137.2 48.0 187.6 30.6 157.6 23.7 
400 50 98.4 87.8 
400 100 9&0 83.9 123.5 44.5 139.7 320 186.0 23.7 
450 50 / / / / / / / / 
450 100 / / 127.9 43.3 Hüll 323 166.5 24.7 
10* 
repeats 
350 50 141.6 53.0 213.1 28.5 196.1 20.3 128.7 16.6 
400 50 1406 50.8 111111 30.7 195.8 17.7 178.5 14.7 
400 50 153.3 487 
400 100 153.6 529 187.5 28.4 188.2 19.3 156.2 14.5 
450 50 129.2 46.6 1702 27.0 225.8 19.7 / / 
450 100 101.5 528 147.3 30.3 HI 19.8 / / 
10* 
repeeto 
350 50 171.1 31.8 2112 14.7 1122: 132 87.1 11.4 
400 50 2047 29.4 226.4 16.3 .y;i183.6:i 10.8 1901 69 
400 100 1622 31.4 1629 17.3 188.4 120 2189 82 
450 50 168.2 29.9 241.6 164 266.4 95 / / 
450 50 1ÜIII 9.8 
450 100 43.3   \ 31.3 IÜII 18.6 ::;::«6.3i:>: 11.7 imii 60 
19 
The shading of test entries in areas of Figure 4.1 indicate that microscopy and grain size 
analysis was performed on that particular sample. 
Stress strain curves typical of superplastic flow were observed. Three 
representative plots are shown superimposed in appendix A. The samples were all tested 
at the same temperature, 400°C, but strain rates were 10"2, 10"3 and 10*4 sec"1, 
respectively. Higher maximum stresses were observed at higher strain rates and this 
corresponded with lower overall elongation. The lowest strain rate of 10"4 sec"1 was seen 
to have the greatest ductility; this trend can be seen in the graphs provided in appendix B, 
showing strain rate versus percent elongation for each separate TMP tested. 
In examining the data, it was found that the maximum elongation also tended to 
occur at a test temperature equal to the final overaging temperature in prior TMP of the 
specimen tested. This can be seen in Figures 4.2 thru 4.4b. This trend is apparent for all 
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Test temperature vs. elongation for a final overaging temperature of 350°C 
and 50 hours. 
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Figure 4.3a    Test temperature vs. elongation for a final overaging temperature of 400°C 
and 50 hours.. 
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Temperatur* (C) 
Figure 4.3b    Test temperature vs. elongation for a final overaging temperature of 
400°C and 100 hours. 
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Figure 4.4a    Test temperature vs. elongation for a final overaging temperature of 450°C 
and 50 hours 
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Figure 4.4b   Test temperature vs. elongation for a final overaging temperature of 
450°C and 100 hours. 
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B.   MICROSCOPY RESULTS 
All micrographs are oriented with the rolling and tensile test direction from left to 
right in the field of view. Figure 4.5a shows a backscattered electron micrograph of the 
as-received Al 2519. The aluminum grains are clearly visible when a low accelerating 
voltage is used to enhance the channeling contrast. Average grain size as measured by the 
mean linear intercept method (MLI) and corrected to a true volume grain size by the 
relation d = 1.776*(MLI) is 57.3um. The grains show elongation due to rolling. Figure 
4.5b shows the same material but at both a higher magnification and accelerating voltage 
to show the 9 particles. In both micrographs, 0 particles clearly exhibit cracking. This 
likely is due to the rolling in original manufacture and indicates that the 0 particles are less 
deformable than the aluminum grains. It should be noted that the 0 particles are 
elongated in the direction of rolling. 
5KV HD'ISMH'.    S = 80@80  P-* 80802 
i#'l 
, .•   - Hi.      x. -.. - i 
j^&_ _^ 
Figure 4.5.a   Backscattered electron micrograph of the as received aluminum 2519, 
showing the aluminum grain structure 
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Figure 4.5.b   Backscattered electron micrograph of the as received aluminum 2519, 
showing the 9 precipitates at high magnification. 
Figure 4.6 shows material from a rolled but untested TMP involving overaging at 
400°C for 50 hours. This micrograph suggests a high volume fraction of 6. 
Unfortunately, volume fraction calculations were not accurate and this will be discussed 
later. A fine dispersion of particles is evident but a few large particles are still seen. 
Channeling contrast at lower voltages was not evident in material when examined in an as- 
rolled condition.. This was due to the high dislocation density and associated lattice 
curvature left at the conclusion of the rolling procedure. Figure 4.7a shows the grip 
section of a sample tested at 350°C an 10"3 sec*1 strain rate; overaging had been 
accomplished at 400°C for 50 hours. The aluminum grain structure is now clearly evident; 
grains are elongated in the prior rolling direction and further grain elongation is apparent 
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Figure 4.6      Backscattered electron micrograph of a rolled but not tested sample 
overaged at 400°C for 50 hours. 
as-rolled and annealed material. Careful examination of the microstructure in the deformed 
gage section shows that all grains are elongated but also show signs of breaking up into 
finer recrystallized grains . The specimen elongated to 257.3% and exhibited a quasi 
brittle fracture surface indicative of cavity formation. 
Figures 4.8 thru 4.11 show the grip sections of samples which had all been 
overaged at 450°C for 100 hours and tested at a strain rate of 10*4 sec"1 utilizing test 
temperatures of 300, 350, 400 or 450°C.   Figure 4.8 shows the microstructure of a 
sample tested at 300°C and suggests no recrystallization; large, elongated grains and 
elongated 0 particles are evident throughout the sample. Average grain size, however, is 
19.7 urn. The micrograph in Figure 4.9 was obtained from a sample tested at 350°C and 
shows some evidence of recrystallization. Grain size was measured at 18.5urn. 
Elongations were low; 143.3 % for the sample of Figure 4.8 to 170% for that of Figure 
25 
4.9. Figure 4.10 exhibits the finest grain size produced in this study in which an average 
diameter of 11.2 urn was obtained. These grains appear to be fully recrystallized and are 
equiaxed in shape. Large 0 particles are often seen to be at the junction of three or more 
grains, supporting the role of particles in recrystallization according to PSN theory. The 
formation of one or more new grains at sufficiently large particles and their growth might 
be expected to produce the structure shown in Figures 4.10 and 4.11. Elongation of 
196.3% was achieved for the sample of Figure 4.10. The sample of Figure 4.11 produced 
the greatest elongation in this study, 293.4%. The microstructures in Figures 4.10 and 
4.11 are similar except that the grain size is larger in the material heated and tested at 
450°C (Figure 4.11) reflecting greater grain growth at the higher temperature. The 
measured grain size was 17.4 urn for the micrograph of Figure 4.11. 
The grain size is plotted versus test temperature for the previous four micrographs 
in Figure 4.12. The as-received material had a grain size of 57.3 urn and this is included. 
It is clear that processing was resulting in grain refinement down to 11.2 urn for the 
material tested at 400°C. It appears that the as-rolled structure recovers upon heating to 
temperatures of 350°C or below, with some evidence of recrystallization in deformed 
samples. Full static recrystallization is observed upon heating to 400°C; grain growth 
following recrystallization results in coarser material at still higher temperatures. 
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Figure 4.7 a&b Backscattered electron micrographs of a sample overaged at 400°C 
for 50 hours and then tested at 350°C with a strain rate of 10"3 sec"1, a) 
grip section b) gage section. 
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Figure 4.8      Backscattered electron micrograph of a sample overaged at 450°C for 100 
hours and then tested at 300°C with a strain rate of 10"4 sec"1' 
Figure 4.9      Backscattered electron micrograph of a sample overaged at 450°C for 100 
hours and then tested at 350°C with a strain rate of 10"4 sec*1. 
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Figure 4.10    Backscattered electron micrograph of a sample overaged at 450°C for 100 
hours and then tested at 400°C with a strain rate of 10*4 sec'1' 
Figure 4.11    Backscattered electron micrograph of a sample overaged at 450°C for 100 
hours and then tested at 450°C with a strain rate of 10"4 sec"1' 
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Figure 4.12    Test temperature versus average grain size for a material with a final 
overaging temperature of 450°C for 100 hours. All samples were tested at 
a strain rate of 10"4 sec'1. 
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Figures 4.13 & 4.14 are micrographs of grip sections for material overaged at 
450°C for 100 hours and tested at 400°C. Strain rates were 10"2 & 10"3 sec"1, respectively. 
These micrographs, along with that of Figure 4.10 show that recrystallization is essentially 
complete after 63 minutes (Figure 4.13) and that grain growth is minimal with prolonged 
heating. Essentially no changes are apparent when comparing Figure 4.14 (86 minutes at 
temperature) and Figure 4.10 (6.5 hours at temperature).   Figure 4.15 summarizes this, 
trend starting with the grain size of the as-received material. 




Figure 4.13    Backscattered electron micrograph of a sample overaged at 450°C for 100 




Figure 4.14    Backscattered electron micrograph of a sample overaged at 450°C for 100 
hours then tested at 400°C with strain a rate of 10"3 sec'1, grip section. 
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Figure 4.15    Test time versus grain size for samples tested at 400°C and strain rates 
from 10"2 to lO^sec1. 
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The grains tended to elongate further when deformed during testing in the case of 
materials that had not fully recrystallized. This can be seen in the micrographs of Figures 
4.16 a&b. These show the gage sections, for material which had been overaged at 450°C 
for 100 hours, after testing at 350°C. Figure 4.16a is halfway between the grip and the 
fracture surface while Figure 4.16b is just inside of the fracture surface. Comparison to 
Figure 4.9 (the grip section) reveals the elongation of the grains as the center of the gage 
section is approached. Figure 4.17 a&b show microstructures of the gage section 
corresponding to Figure 4.11 which had its final overaging temperature at 450°C for 100 
hours. These micrographs show little or no elongation of the grains for material fully 
recrystallized and then deformed at a corresponding temperature where superplastic 
elongation has been achieved. 
The retention of an equiaxed grain structure during straining suggests deformation 
by grain boundary sliding. This is generally recognized to be the mechanism of 
superplastic deformation. The formation of cavities on grain boundaries and at 
particle/matrix interfaces during grain boundary sliding is frequently observed. Here, 
extensive cavitation was seen in the deformed gage sections of the most ductile conditions 
(Figures 4.16 and 4.17); this is consistent with the observation of flat, i.e. quasi-brittle, 
fracture surfaces in spite of elongations approaching 300 percent. This also suggests that 
improved ductilities would be obtained with the use of superimposed hydrostatic pressure 
to suppress cavity formation. 
Figures 4.18 thru 4.21 summarize the effects of TMP and subsequent heating on 
average grain size. All four micrographs are of grip sections of specimens tested at 400°C 
with a strain rate of 10-4 sec"1. TMP conditions are listed with the micrographs. The 
effect of TMP parameters is shown in Figure 4.22 in a plot relating grain size to prior 
TMP conditions As overaging temperature is increased, the grain size obtained is 
reduced. Increased time at temperature has a small effect, however, on the grain size after 
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TMP. Only for materials overaged at 450°C is there any reduction in grain size as 
overaging time varies from 50 to 100 hours. 
The relationship between TMP and the particle volume fraction and average 
diameter were evaluated and results are included in Figure 4.23. The volume fraction of 
8 is considerably in excess ofthat predicted by applying the lever rule to the phase 
diagram in Figure 2.1. This is evidently the result of electropolishing resulting in 
preferential removal of the aluminum matrix which allowed the 6 to stand in relief. The 
equilibrium volume fraction at 450°C would be 0.048 (4.8 pet.) and only 0.07 (7.0 pet.) at 
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Figure 4.16 a&b        Backscattered electron micrograph of a sample overaged at 450°C 
for 100 hours then tested at 350°C with strain a rate of 10"4 sec"1,   a) 
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Figure 4.17 a&b       Backscattered electron micrograph of a sample overaged at 450°C 
for 100 hours then tested at 450°C with strain a rate of 10"4 sec"1,   a) halfway 
down gage section  b) next to fracture. 
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Figure 4.18    Backscattered electron micrograph of a sample overaged at 350°C for 50 
hours then tested at 400°C with strain a rate of 10"4 sec"1, grip section. 
Figure 4.19    Backscattered electron micrograph of a sample overaged at 400°C for 50 
hours then tested at 400°C with strain a rate of 10"4 sec'1, grip section. 
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Figure 4.20    Backscattered electron micrograph of a sample overaged at 400°C for 100 
hours then tested at 400°C with strain a rate of 10"4 sec'1, grip section. 
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Figure 4.21    Backscattered electron micrograph of a sample overaged at 400°C for 100 
hours then tested at 400°C with strain a rate of 10"4 sec"1, grip section. 
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Figure 2.23   TMP versus volume fraction, particle diameter and aspect ratio 
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V.    CONCLUSIONS AND RECOMMENDATIONS 
A. CONCLUSIONS 
The two major efforts of this thesis, mechanical testing and microstructural 
analysis, have produced enough data to form these conclusions: 
1. The greatest elongation was seen in TMP25 tested at 450°C at 10"4 sec"1 strain rate. 
The elongation was just under 300%. 
2. Most TMP's tended to result in maximum superplastic response at test temperatures 
equal to the prior overaging temperature. 
3. Recrystallization of the aluminum matrix to the finest average diameter observed, 11.2 
urn, occurred at a test temperature of 400°C for a material which had been overaged for 
50 hours at 200°C then 100 hours at 450°C. The original as-received material had an 
average grain size of 57 microns so a reduction of almost 5 fold was achieved. 
4. Specimens exhibiting the greatest superplastic elongations had equiaxed grain 
structures. Poor superplastic performance occurred in samples that did not fully 
recrystallize and hence had elongated grain structures. 
5. During deformation, cavities tended to form around 6 particles. Large particles were 
observed to have the greatest number of cavities surrounding them. This likely initiated 
failure in the more superplastic specimens. 
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B.    RECOMMENDATIONS 
Follow on research in this area should concentrate on the following areas: 
1. TMP's at higher temperatures should be examined for this alloy, especially around 400 
to 500°C. Testing of these TMP's should be at or near the overaging temperature. 
2. Increased straining of the material should be done to values above 2.3. Initial 
thickness of the aluminum plate should be increased to the maximum allowed for the 
rolling mill. This would allow true strains of up to 2.8 which should reduce the final grain 
size, according to PSN theory. 
3. Microscopy methods need to be refined in order to produce more reliable 
measurements of the particle size and volume fraction. 
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Figure A.1: Stress Versus Strain Curves for Three Tests conducted at 400°C on a 
material overaged at 450°C for 100 hours.   Strain rates of a) 10"2  b) 10"3  c) 10-4 sec"1. 
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APPENDIX B: TENSILE TEST DATA SUMMATION 
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Figure B. 1:    Strain Rate Versus Elongation 
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Figure B.2:    Strain Rate versus Elongation 
Strain Rate vs. Parcant Elongation 
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Strain Rate versus Elongation 
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Figure B.4:     Strain Rate versus Elongation 
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Figure B.5:     Strain Rate versus Elongation 
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